In recent years, Drosophila melanogaster has emerged as a powerful model for neuronal circuit development, pathology, and function. A major impediment to these studies has been the lack of a genetically encoded, specific, universal, and phenotypically neutral marker of the somatodendritic compartment. We have developed such a marker and show that it is effective and specific in all neuronal populations tested in the peripheral and central nervous system. The marker, which we name DenMark (Dendritic Marker), is a hybrid protein of the mouse protein ICAM5/Telencephalin and the red fluorescent protein mCherry. We show that DenMark is a powerful tool for revealing novel aspects of the neuroanatomy of developing dendrites, identifying previously unknown dendritic arbors, and elucidating neuronal connectivity.
In recent years, Drosophila melanogaster has emerged as a powerful model for neuronal circuit development, pathology, and function. A major impediment to these studies has been the lack of a genetically encoded, specific, universal, and phenotypically neutral marker of the somatodendritic compartment. We have developed such a marker and show that it is effective and specific in all neuronal populations tested in the peripheral and central nervous system. The marker, which we name DenMark (Dendritic Marker), is a hybrid protein of the mouse protein ICAM5/Telencephalin and the red fluorescent protein mCherry. We show that DenMark is a powerful tool for revealing novel aspects of the neuroanatomy of developing dendrites, identifying previously unknown dendritic arbors, and elucidating neuronal connectivity.
T o discover neuronal circuit architecture, genetic tools that specifically mark the pre-and postsynaptic cells and compartments are necessary. Drosophila is a leading genetic model organism in this regard; however, most neuronal circuits remain unmapped. Of particular note is the lack of a universal, phenotypically neutral, and specific marker of the somatodendritic and postsynaptic compartments. Several molecular differences between dendrites and axons, including the presence of different membrane and cytoskeletal proteins in neuronal subregions, have been identified (1, 2) . Drosophila neurons exhibit the major kinds of compartmentalization present in mammalian neurons and the fly has emerged as a powerful system to study the establishment and maintenance of neuronal connections (3, 4) . Almost all studies of neuronal circuits in the fly have relied on genetic markers such as CD8::GFP that outline the morphology of entire cells rather than particular subcellular compartments (5) , as well as presynaptic markers such as Synaptotagmin, Synaptobrevin, and Bruchpilot GFP fusion proteins (6) (7) (8) (9) (10) (11) . However, more accurate identification and mapping of novel neuronal circuits has been hampered by the lack of a genetically encoded and phenotypically neutral dendritic marker. Over the years, many such markers have been proposed and several were recently examined (12) , namely MAP2 (13, 14) , Nod::YFP (4, 15-18), Homer::GFP (19) , and DSCAM17.1::GFP (20, 21) . The analysis of these markers reveals that none of them labels the entire somatodendritic field. Furthermore, it remains unclear whether the markers tested are neutral with respect to dendritic morphology.
Intercellular adhesion molecules (ICAMs) mediate neuronal migration, axon elongation, and fasciculation, synaptogenesis, and synaptic plasticity (22) . ICAM5, or Telencephalin, is a 130-kDa type I transmembrane glycoprotein comprising a characteristic extracellular domain, a single transmembrane region, and a short cytoplasmic region (23) . The expression of ICAM5 is restricted to the mammalian brain telencephalon (24) but there is no homolog in invertebrates and lower vertebrates. The developmental appearance of ICAM5 parallels the time of dendritic elongation, branching, and synapse formation and ICAM5 is described to selectively target dendrites (25) to endow their protrusions with plastic properties (26) .
In this work we show that an ICAM5 fusion protein has no detectable effect on neuronal morphology and function and that it is specifically and highly enriched in the somatodendritic compartment of both peripheral nervous system (PNS) and CNS neurons. Next, we use this marker to gain insights into dendrite development, identify dendritic compartments, and map neuronal connections.
Results
DenMark Fusion Protein Mimics ICAM5 Distribution in Mammalian CNS Neurons. In mature mammalian hippocampal neurons, ICAM5 specifically marks the somatodendritic compartment as well as the postsynaptic sites where axonal termini form synaptic contacts ( Fig. S1 A-A′′ ). An ICAM5-mCherry fluorescent fusion protein was created by inserting mCherry between the transmembrane domain and the extracellular domain of ICAM5 (Fig. S1A′′′ and S1B′ and Fig. S2 ). Like endogenous ICAM5, this fusion construct is a specific dendritic marker (henceforth DenMark) in mature cultured hippocampal neurons (Fig. S1B) .
To establish the dynamics of dendritic compartmentalization, we traced the localization of DenMark in rat hippocampal neurons at different days in vitro (DIV). Shortly after hippocampal neurons become morphologically polarized, both microtubule-associated protein 2 (MAP2) and Tau are present uniformly throughout the cell. They become gradually restricted to their respective compartments after 1 wk in culture at the time where hippocampal neurons are known to have already established one axon and several dendrites (27) (28) (29) . In mature neurons, MAP2 is preferentially localized to dendrites, whereas Tau labels axons. We examined DenMark in rat hippocampal neurons in culture at different stages of neurite outgrowth at 1, 3, 5, and 10 DIV, using MAP2 and Tau as dendritic and axonal markers, respectively (Fig.  S3) . We find that DenMark mimics MAP2 in that it is initially expressed in both axons and dendrites (1 DIV, Fig. S3 A-E) and shows progressive dendritic enrichment at 3 and 5 DIV (Fig. S3 F-O) . By 10 DIV, both markers are exclusively dendritic (Fig. S3 P-T) . Importantly, however, DenMark appears to completely fill the dendritic compartment, whereas MAP2 is localized to the main dendritic shaft. Interestingly, the most proximal axonal segment behaves more like the dendritic branches than the rest of the axon in terms of the distribution of the markers examined in that it is increasingly enriched for DenMark and MAP2 and depleted from Tau ( Fig. S3 F-O ).
DenMark as a Neutral and Specific Somatodendritic Marker in
Drosophila. Although ICAM5 has no obvious homologs in the Drosophila genome, we wondered whether it would nevertheless constitute a useful somatodendritic marker in Drosophila. A somatodendritic marker needs to satisfy a number of criteria to be deemed broadly useful. First, it is desirable that the expression of this marker has no significant effect on neuronal morphology and as little effect as possible on neuronal function. Second, it should unambiguously distinguish dendritic from axonal compartments in mature neurons. Third, it should show this specificity independently of neuronal subtype. DenMark expression in the entire nervous system throughout fly development and adult life gives rise to viable and fertile flies. Physiological analyses in the retina (Fig. S4A) and tests for motor behavior show no defects (Fig. S4B) . In contrast, pan-neuronal expression of DSCAM17.1:: GFP, an existing Drosophila dendritic marker (12) , results in complete developmental lethality (n = 250).
Next, we asked whether DenMark satisfies the criteria of specific localization, general applicability, and phenotypic neutrality at the level of dendritic morphology. To this end, we first focused on two types of larval neurons: multidendritic (MD) sensory neurons and embryonic motor neurons. MD neurons show extensive and well-characterized dendritic arborizations, making them an ideal model to study dendrite morphogenesis (30) (31) (32) . We first used the GAL4 109(2)68 driver in combination with UASmCD8::GFP and UAS-DenMark and examined subcellular localization of DenMark expression in third instar larvae. High levels of red fluorescence were detected exclusively in the soma and dendrites of the MD neurons ( Fig. 1 A-A′′, white arrow) , whereas GFP marked the entire neuron ( Fig. 1 A-A′′, yellow arrow) . Interestingly, we noted that the full extent of the dendritic arbor as well as small spine-like structures are significantly more visible with DenMark than with GFP. We then tested whether DenMark expression in these cells causes significant alterations to their dendrite morphology, in particular their degree of branching. To facilitate the phenotypic analysis of MD dendritic branches, we restricted either DenMark or mCD8::GFP expression to three MD neurons per segment using the type I MD neuron-specific 221 drives DenMark. Quantification of the average number of primary branch points in each genotype (n = 18) reveals no significant differences (Student's T-test, P = 0.209) between the two genotypes. Furthermore the quantification of total number of branches and total number of junctions/branch points (green n = 27; red n = 24) also does not reveal any significant difference (Student's T-test, P = 0.71 and P = 0.74, respectively). (D) Glutamatergic motor and interneurons (marked with OK371-GAL4) in abdominal nerve cord segments were doubly labeled with UAS-mCD8::GFP and UASDenMark and imaged at the first larval instar stage. The images are Z-projections of confocal image stacks. In contrast to mCD8::GFP, which labels these neurons homogeneously, the DenMark reporter is highly concentrated in this region (arrowheads), with relatively little present in cell bodies (curved arrow). DenMark does not label distal axons and or presynaptic neuromuscular junctions in the periphery (inset, arrows point to boutons located on muscles VL3-4 and VL2). (Scale bar, 20 μm.) (E-J) DenMark expression in the RP2 motor neurons has no obvious effect on dendrite development. RP2 neurons were labeled either manually with DiI (E) or genetically with UAS-DenMark (F and G) in freshly hatched first instar larvae (20-21 h after egg laying, raised at 29°C). Dendritic trees were reconstructed digitally (H and I) from confocal image stacks using customized modules from refs. 52, 56 [to obtain quantitative data on total dendritic tree length and number of dendritic tips (end segments)] (Scale bar, 10 μm.) Dendritic trees of RP2 neurons labeled with DenMark show a normal localization in the neuropile and do not differ significantly (Student's T-test) in either total tree length (P = 0.5299) or tip number (P = 0.4565) from manually labeled control RP2 neurons (J; blue, control DiI labeled; red, DenMark labeled; SD is shown; n = 7 for each).
GAL4
221 line and quantified the stereotypical branching of the ventral dendritic arborization (vpda) type I neurons. Two different quantification approaches revealed no significant differences in number of branches and number of junctions between DenMark and mCD8::GFP expressing neurons ( Fig. 1 B and C and Table S1 ).
Next, we used the OK371-GAL4 driver line to express DenMark in embryonic and larval glutamatergic motor neurons, a well-defined and frequently used model system. Motor neuron dendrites extend in the CNS where they form a metamerically repeated myotopic map, whereas the axons innervate body wall muscles at the level of the neuromuscular junctions. We find that whereas mCD8::GFP homogeneously labels the membrane of the entire neuron, DenMark is highly concentrated in the dendrites, with fluorescent signal also detected in cell bodies (Fig. 1  D-D′′) . Although some DenMark expression was also detected in the proximal portion of the axons, as previously described in young rat hippocampal neurons (Fig. S3 F-O) , no DenMark was observed more distally in axons and at the presynaptic neuromuscular junctions (Fig. 1 D-D′′, insets) . Finally, we examined the effects of DenMark expression on the dendrites of RP2 motor neurons. In freshly hatched first instar larvae (21 h after egg laying [AEL]), RP2 neurons were labeled either manually with DiI (Fig. 1E) or genetically with UAS-DenMark (Fig. 1 F  and G) . Dendritic trees of RP2 neurons labeled with DenMark present normal localization in the neuropile and do not differ significantly from manually labeled control RP2 neurons in both total tree length or tip number ( Fig. 1 H- 
J).
DenMark Expression Labels the Entire Dendritic Arbor. In mammalian neurons DenMark labels the entire dendritic arbor, including the postsynaptic sites. We turned to the Drosophila mushroom bodies (MBs) to test whether this might be the case in flies. MBs are paired neuropile structures involved in olfactory learning and memory in insects. In adult Drosophila, they are composed of about 2,000 intrinsic neurons, termed Kenyon cells (KCs) (33) . Each KC extends a single neurite, which bifurcates close to the cell body into dendritic and axonal branches. The axonal branch navigates anteroventrally and branches into medial and vertical lobes. The dendrite ends in the calyx, where it receives inputs, in particular from the cholinergic olfactory projection neurons (PNs). We used the MB 201Y-GAL4 driver line to express both DenMark and synaptotagmin::GFP (syt:: GFP), a presynaptic genetically encoded marker (10) and examined their distribution in larval and adult MBs. In both third instar larval and adult MBs DenMark and syt::GFP show a mutually exclusive localization in the MB neuropile. DenMark expression strongly predominates in the calyx and the very proximal region of the axon. In contrast, syt::GFP expression is mostly restricted to axons (Fig. 2 A-C) . To quantify the enrichment of DenMark in the calyx, we coexpressed DenMark and the membrane-associated marker mCD8::GFP using 201Y-GAL4. We postulated that CD8::GFP expression level is homogenous in the entire neuron. Therefore, we used mCD8::GFP to normalize the DenMark expression level and quantified the ratio of the DenMark signal to the GFP signal in the calyx and the lobes of larval MBs (see Materials and Methods for details). We detect a 32-fold enrichment of DenMark expression level in the calyx as compared with the lobes (n = 10).
We next asked whether DenMark labels the entire dendritic compartment. Previous reports showed that synaptic complexes in MB calyces both from Drosophila and in honeybees, present a typical ring-like shape (34) (35) (36) (37) . To test whether DenMark is indeed present at these ring-like synaptic structures, we labeled the presynaptic terminals by revealing ChAT (Choline Acetyl Transferase) immunoreactivity. These cholinergic terminals belong to the PNs that establish connections into the calyx as well as in the lateral horn. We observe that ChAT-positive boutons are located in the center of the DenMark-enriched ring-like structures resembling the previously described synaptic complexes in both third instar larval (Fig. 2 D and E) and adult (Fig. 2 F and G) MBs, strongly suggesting that DenMark is indeed targeted to the very tip of the dendrite very close to the postsynaptic site.
DenMark Reveals Progressive Developmental Specialization of
Drosophila Dendrites. In mammalian neurons, DenMark shows gradual restriction to dendritic arbors. We asked whether insect CNS neurons show a similar developmental pattern by examining DenMark distribution during MB development at all three larval stages (first, second, and third instar) and in adult flies. In first instar larvae, DenMark is largely homogeneously distributed (Fig. S5 A-A′′) . During the second instar, DenMark expression becomes stronger in dendrites and cell bodies than in axons (Fig.  S5 B-B′′) . By early third instar, DenMark is highly enriched in dendrites and cell bodies and essentially absent from axons ( Fig.  S5 C-C′′) as it is in adult flies (Fig. S5 D-D′′) . Interestingly, DSCAM17.1::GFP also shows gradual restriction to the somatodendritic compartment during development (Fig. S6) , suggesting that segregation of dendritic factors is acquired progressively during MB development and is a common feature of fly and mammalian neurons supporting suggestions of a common origin of vertebrate and invertebrate dendrites (4).
Identifying Dendritic Compartments with DenMark. The dendritic patterns of most neurons in the Drosophila CNS remain elusive and the majority of neuronal circuits in the fly brain are unknown. We asked whether DenMark could be used to identify the dendritic compartments of sparse or individual neurons by labeling the dorsal cluster neurons (DCNs) in the adult brain (38) and a pair of eclosion hormone (EH) positive neurons in the third instar larva. DCN axons innervate the lobula and medulla of the optic lobes contralaterally, whereas their dendrites have been proposed to innervate the ipsilateral lobula only (39) . Syt:: GFP and DenMark were expressed in the DCN and their patterns examined (Fig. 3A) . We find that Syt::GFP accumulates in the presynaptic terminals in lobula and medulla, whereas DenMark marks the cell bodies and ipsilateral dendrites that reside in the lobula. Importantly, there is a clear distinction between Syt::GFP and DenMark, demonstrating that DenMark specifically labels the somatodendritic compartment in DCNs, which is clear when the two channels are shown separately (Fig. 3 B and  C) . The EH-GAL4 line is expressed in a single neuron on each side of ventromedial larval brain. This neuron extends projections toward the ring gland (RG) and the thoracicoabdominal ganglion (40, 41) . Using this genetic combination, both DenMark and GFP expression levels were low, leading us to perform double immunostaining with anti-GFP and anti-DsRed antibodies. We detect strong DenMark immunoreactivity in EH neuron soma and extensive neurite arborizations projecting both anteriorly and posteriorly from the cell bodies, forming a stereotyped bilaterally symmetrical dendritic arbor (Fig. 3 D and F) . Presynaptic Syt::GFP, on the other hand, was mostly observed in axonal projections in the ring gland (arrow in Fig. 3D ) as well as in the thoracicoabdominal ganglion (Fig. 3 D, E, and G) . Interestingly, discrete DenMark labeling, juxtaposed to, but largely distinct from Syt::GFP positive boutons, was also observed in the ring gland but not in the thoracicoabdominal presynaptic terminals (Fig. 3 F and G) . These data suggest that EH cells project both pre-and postsynaptic terminals into the ring gland and not only axonal terminals as previously assumed.
Using DenMark to Trace Neuronal Connectivity. We asked whether DenMark might be a useful tool to attempt a better anatomical description of neuronal connectivity in the fly CNS. We sought to identify features of a less well-described neuronal circuit. The neuronal components involved in the regulation of circadian rhythm in Drosophila have been extensively studied. However, dendritic compartments of many of its components still need to be identified. We selected two GAL4 drivers expressed in the circadian circuitry: pdf-GAL4 (42) and cry-GAL4 (43). We first used pdf-GAL4 to coexpress DenMark and mCD8::GFP in the circadian pacemaker LNv neurons (Fig. 4 A and A′) . Previous publications revealed that projections of PDF-expressing LNv neurons elongate ventrally in the ipsilateral accessory medulla (aMe) and arborize on the surface of both ipsilateral and contralateral medulla (42, 44) . In addition, the same authors found that the presynaptic marker, nSyb::GFP, was mostly expressed in the projections at the medulla surface, indicating that they correspond to LNvs' axonal terminations. Here, we show that DenMark is restricted to the projections in the aMe, formally showing that aMe neurites are in fact LNv dendrites. Moreover, we show that, at the level of the LNvs dendrites, DenMark labels fine "spine-like" protrusions (Fig. 4A, inset) , suggesting that the dendritic marker penetrates to the very tip of the dendrite arborization. It is well established that flies use light input from the compound eye to entrain the circadian clock (45) . However, whether the input from retinal axons onto the clock is direct or indirect remains unknown. We investigated the input onto LNv dendrites from the color and UV sensing retinal axons (R7 and R8) projecting into the medulla (Fig. 4 B-B′′′) . We find that R7/ 8 axons terminate in very close proximity to the LNv dendrites (Fig. 4 C-C′′′) , suggesting that the LNv neurons may receive direct input from retinal axons.
Next, we used the cry-GAL4 line to express the DenMark and Syt::GFP in LNv neurons as well as other neuronal populations within the circadian circuit. Strong expression of DenMark was observed in the somas of LNv neurons as well as in the aMe, whereas Syt::GFP was mostly found at the surface of the medulla (Fig. 4D ). In addition, we detect Syt::GFP positive boutons in the area of the DenMark-labeled LNv dendritic terminations in the aMe. Note that the two markers are closely apposed but do not overlap (Fig. 4 E and F) . This result explains the previous observations that LNv neurons establish presynaptic contacts within the aMe (44) and suggests that these contacts are on the postsynaptic sites of the LNv neurons themselves. Thus, similar to DCN neurons (see above), the two clusters of LNv neurons appear to relay information across the two optic lobes. In addition to the LNv, cry-GAL4 labels a group of ellipsoid body (eb) neurons termed the R neurons. The eb is a neuropile structure that regulates locomotor behavior in flies (46-48) and the R neurons were recently demonstrated to control environmentally stimulated arousal in flies (49). Here we show that in these neurons, DenMark expression is present in cell bodies and highly concentrated in dendritic terminals located laterally to the eb, whereas Syt::GFP is only found in the eb itself (Fig. 4 G and H) . Strikingly, although at low levels, DenMark was also detected in the ring structure of the eb. Again, DenMark-enriched structures appear juxtaposed to rather than coexpressed with Syt::GFP (Fig. 4H) , suggesting that R neurons may establish synapses onto each other within the eb. In contrast, the projections to the suboesophageal ganglion, characterized by strong expression of Syt-GFP (Fig. 4I ) are completely devoid of DenMark.
Discussion
Overall, the data presented here strongly indicate that DenMark is a versatile, neutral, and robust marker of the dendritic compartment of probably any neuron in Drosophila. Furthermore, we Fig. 3 . Identifying dendritic compartments with DenMark. (A-C ) Dorsal cluster neurons (DCNs) were revealed using ato-GAL4-14a driver in combination with UAS-syt::GFP and UAS-DenMark. Brains were counterstained using an antibody recognizing the neuropilar marker Bruchpilot (mAb nc82).(A) Overview of an adult optic lobe showing the specific distribution of DenMark in DCN cell bodies (arrow) and in the dendrites in the lobula, whereas Syt::GFP is detected in the presynaptic terminals both in the lobula and the medulla. provide several examples of the use of this tool to examine dendritic morphology, development, maturation, and connectivity.
An interesting and unexpected observation from at least four independent neuronal populations (DCN, EH, LNv, and R) indicates that bilaterally symmetrical neurons with neurites that end at or cross the midline may establish presynaptic terminals onto the dendrites of their reciprocal neurons, perhaps indicating that commisssural neurons with identical functions exchange synaptic information across the two brain hemispheres.
Finally, it is remarkable that a cell adhesion molecule not encoded in any invertebrate genome localizes with such exquisite specificity in Drosophila neurons. This raises the exciting possibility that DenMark may also serve as a dendritic marker in other model organisms such as Xenopus and Zebrafish, in addition to mouse and Drosophila. Interestingly, using DenMark and other markers to compare dendritic development in Drosophila and mouse neurons reveals that dendrites do not acquire their complete molecular specialization until a relatively late stage in neuronal development. This is despite the fact that dendrites are morphologically distinguishable from axons at these stages. We propose that an in-depth comparative characterization of the "dendrome" and the "axome," perhaps using DenMark localization as a tool, would yield greater insights into the processes that distinguish the axons and dendrites and may lead to a more accurate definition of the pre-and postsynaptic neuronal compartments.
Materials and Methods
A brief description of the materials and methods is presented here. Please see SI Materials and Methods for detailed experimental procedures. Drosophila Strains and Genetics. All stocks were raised on standard fly food at 25°C except for the cross between cry39-GAL4 (43) and UAS-DenMark, UAS-syt::GFP flies, which was maintained at 28°C. All crosses were made according to standard procedures.
Labeling and Quantitative Analysis of RP2 Neurons. RP2 neurons in larval nerve cords were labeled genetically using the "FLPout" method outlined in refs. 50 and 51. Dendritic trees of RP2 neurons were reconstructed digitally from confocal image stacks using customized modules to obtain quantitative data on total dendritic tree length and number of dendritic tips (end segments) (52, 53) .
Quantification of MD Dendritic Arbors. Images of MD neurons were skeletonized and subsequently automatically analyzed using the "Skeletonize3D" and "AnalyzeSkeleton" free plugins for ImageJ/FIJI (freely downloadable from the FIJI website: URL: http://pacific.mpi-cbg.de/wiki/index.php/Fiji).
Immunostainings on Drosophila Brains. Immunostainings on brains were performed as described in ref. 36 .
Calculation of the Relative Distribution of DenMark in the Larval Mushroom
Bodies. First the background of confocal sections was corrected on the basis of the offset. For each section, DenMark expression was then normalized to the corresponding CD8::GFP expression on a pixel-by-pixel basis. Finally, the ratio of the normalized DenMark expression in the calyx vs. the lobes was calculated.
Confocal Microscopy and Imaging. Larval motoneurons were visualized by confocal microscopy (BioRad and Leica DM-RXA) and the final processing was done with Image J.
Primary Hippocampal Neurons. Primary hippocampal neurons were derived from isolated hippocampi of E17 mouse embryos and maintained in neurobasal medium supplemented with B27 for 14 d postplating. Neurons were fixed for 30 min in 4% PFA in PBS and following a brief permeabilization, blocked and processed for immunocytochemistry as described previously (54) .
Electroretinogram Recordings (ERGs). ERGs were recorded from 7-to 1-d-old flies as described (55) , except flies were immobilized with liquid Pritt glue and we used a green LED light digitally controlled to present 1-s light pulses. Data were stored on a personal computer with Clampex 10 and processed with Clampfit and Canvas 7. Fig. 4 . Using DenMark to map elements of the circadian circuit. (A-A′′) Expression of DenMark and mCD8::GFP were driven in the LNvs (lateral neurons ventral), a subset of clock neurons of the fly CNS, using the pdf-GAL4 driver line. Whereas mCD8::GFP labels all of the neuronal compartments, DenMark is found in somas (s) and in thick bundle of neurites extending in the accessory medulla (aMe) and terminating in the ventral accessory medulla (vaME). In addition, DenMark expression in this level reveals the presence of spine-like protrusions that could correspond to postsynaptic sites (see arrowheads in A′). Please note that, whereas both markers are found at the basis of the axonal tracts projecting toward the central brain (arrowheads in A and A′′), we detect exclusively mCD8::GFP expression in more distal portions of the axons (arrows in A′′). Maximal Z-projection of confocal image stack. Dorsal is at the Top; lateral to the Left. (Scale bars, 50 μm.) (B-C) Here, LNvs are visualized by expressing both DenMark and β-galactosidase using the pdf-GAL4 driver line. In addition, axonal projections of R7 and R8 photoreceptors were labeled using an antibody raised against Chaoptin (mAb 24B10). Single confocal sections of the medulla reveal very close proximity of R7 and R8 axons to the dendritic arbors of the LNv neurons (arrows in C′′′), suggesting potential direct input from the color and UV detecting photoreceptors onto the clock neurons. Dorsal is at the Top; lateral to the Left. (D-H) DenMark and Syt::GFP expression were driven in a larger subset of circadian neurons using the cry-39-GAL4 driver line. (D) Frontal overview of an adult brain shows distinct DenMark and Syt::GFP expression patterns as revealed by anti-DsRed and anti-GFP immunostainings. (E ) Higher magnification of the aMe reveals the presence of DenMark in somas and high levels of DenMark expression in elongated ventral projections. In addition, discrete Syt::GFP expression, possibly corresponding to axonal projections of contralateral LNvs, is also detected therein. (F ) Higher magnification of the aME region reveals that Syt:: GFP and DenMark-positive structures are closely juxtaposed but do not coincide. (G) DenMark and Syt::GFP expression are also detected in R neurons of the ellipsoid body (eb). Anterior somas (arrowheads) send posterior projections that establish DenMark-enriched dendritic terminals (arrows) lateral to the eb, whereas the Syt::GFP expression is confined to somas and to the eb neuropile itself. Note also that a weak expression of DenMark is also detected in the eb neuropile. (H) Higher magnification view of the eb neuropile reveals that DenMark and Syt::GFP expression are largely segregated (white arrows), although some colocalization could also be detected (yellow arrow). The juxtaposition of DenMark and Syt::GFP positive terminals suggests that the two clusters of R neurons may synapse onto one another at the level of the eb neuropile. (I) This closer view of Syt::GFP positive axonal projections in the suboesophageal ganglion shows the complete absence of DenMark expression. Images in D, G, and I correspond to maximal Z-projections of confocal stacks, whereas E, F, and H images correspond to single confocal sections. DenMark expression was revealed by rabbit anti-DsRed antibody (Clontech) and Syt::GFP by mouse anti::GFP antibody except for E, where we used rabbit anti::GFP antibody. Dorsal is at the Top in all panels. (Scale bars, 50 μm in D and G; 5 μm in E, F, and H. aME, accessory medulla; POT, posterior optic tract; eb, ellipsoid body; l-LNvs, large ventrolateral neurons; sog, suboesophageal ganglion.
Negative Geotaxis Assay. Motor deficits were assessed by deviation from normal negative geotaxis behavior. Five adult flies per replication were placed in an empty plastic vial. After a 10-min rest period, the flies were tapped to the bottom of the vial, and the number of flies able to climb 10 cm in 15 s was recorded. The assays were repeated three times at 1-min intervals. Four replications were performed for each dataset and 20 flies were tested both for the control (ElavGAL4) and the experimental group (ElavGAL4; UAS-DenMark, UAS-syt::GFP).
